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Abstract Using 14 years of electron ﬂux data from the National Oceanic and Atmospheric
Administration Polar Operational Environmental Satellites, a statistical study of the magnetic local time
(MLT) distribution of the electron population is performed across a range of activity levels, deﬁned by AE,
AE*, Kp, solar wind velocity (Vsw), and VswBz . Three electron energies (>30, >100, and >300 keV) are
considered. Dawn-dusk ﬂux asymmetries larger than order of magnitude were observed for >30 and
>100 keV electrons. For >300 keV electrons, dawn-dusk asymmetries were primarily due to a decrease in
the average duskside ﬂux beyond L* ∼ 4.5 that arose with increasing activity. For the >30 keV population,
substorm injections enhance the dawnside ﬂux, which may not reach the duskside as the electrons can
be on open drift paths and lost to the magnetopause. The asymmetries in the >300 keV population are
attributed to the combination of magnetopause shadowing and >300 keV electron injections by large
electric ﬁelds. We suggest that 3-D radiation belt models could set the minimum energy boundary (Emin) to
30 keV or above at L* ∼ 6 during periods of low activity. However, for more moderate conditions, Emin should
be larger than 100 keV and, for very extreme activities, ∼300 keV. Our observations show the extent that in
situ electron ﬂux readings may vary during active periods due to the MLT of the satellite and highlight the
importance of 4-D radiation belt models to fully understand radiation belt processes.
1. Introduction
Electrons in the energy range of a few keVs to a few hundred keVs are transported into the inner magneto-
sphere from the nightside plasma sheet by substorm injections [Arnoldy and Chan, 1969; Cayton et al., 1989;
Birn et al., 1998]. Subsequent acceleration of these injected electrons is thought to form the >1 MeV popula-
tion of the radiation belts [Horne and Thorne, 2003; Horne et al., 2005; Boyd et al., 2016]. Potential mechanisms
for such acceleration include inward radial transport [O’Brien et al., 2001;Mann et al., 2004] and local acceler-
ation via wave-particle interactions [Horne et al., 2005, 2007; Thorne, 2010; Reeves et al., 2013]. Recent studies
focused on the latter have highlighted the importance of chorus waves for local acceleration [Thorne et al.,
2013; Li et al., 2014]. This has lead to the proposition of a source-seed mechanism, whereby injected elec-
trons below a few tens of keV (the source population) fuel chorus waves that can then act to accelerate
higher-energy electrons (30–300 keV, known as the seed population) up to relativistic energies [Thorne et al.,
2013; Jaynes et al., 2015]. Here the seed population is also injected by substorms. Both the source and seed
population are critical to this process, and if either is absent then acceleration is unlikely to occur [Jaynes et al.,
2015]. The implication is that understanding the energy-dependent dynamics of injected electrons appears
to be crucial to ultimately understand the occurrence of the MeV energy population.
Since electron drift motion around the Earth is energy dependent, the electron distribution subsequent to
substorm injection is likely to exhibit a variation in magnetic local time (MLT) that depends on energy. For
relativistic electrons (typically ∼1 MeV), magnetic drifts dominate, resulting in closed drift paths through-
out most of the radiation belt region. At lower electron energies, the energy-dependent magnetic drifts
are less signiﬁcant and convective motion can become inﬂuential for parts of the outer radiation belt
and beyond. With increasing convective electric ﬁeld strength, this region can penetrate to lower L shells.
However, even for electrons of a few eV, the convection electric ﬁeld cannot dominate the drift motion below
the Alfvén layer due to the presence of the corotation electric ﬁeld, causing electrons to circulate around
the Earth. As the convective drift is in a sunward direction, the combination of this motion and magnetic
drifts results in open drift paths that transit the dawnside of the Earth before impinging the magnetopause
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[Kavanagh et al., 1968; Chen and Schulz, 2001]. Statistical studies of the global distribution of precipitating
≤12 keV electrons [Hardy et al., 1985] and trapped suprathermal (0.1–16.5 keV) electrons [Li et al., 2010;
Bortnik et al., 2007; Meredith et al., 2004] have demonstrated an enhanced electron ﬂux in the dawn sec-
tor during periods of high activity. For higher-energy electrons, such statistical studies are less extensive.
Meredith et al. [2016] presented the global distribution of seed population electrons observed for AE> 300 nT,
while Thorne et al. [2007] used more than a year of data frommultiple passes of a single satellite to construct
the statistical distribution of 153 keV and 340 keV electron ﬂux for three levels of activity, deﬁned by AE*.
In both studies an MLT variation was observed for electrons with energies exceeding 100 keV, but this was
unclear for energies greater than 300 keV.
Present 3-Dglobalmodels of the radiationbelts use a drift-averaged approximation, essentially assuming that
the electron ﬂux and diﬀusion coeﬃcients can be averaged over a drift path and the calculation performed
using these drift-averaged values [e.g., Varotsou et al., 2005; Albert et al., 2009; Shprits et al., 2011; Glauert et al.,
2014a; Tu et al., 2014]. When the electron ﬂux is mostly uniform in MLT, the drift-average approximation is a
useful simpliﬁcation to the calculation, removing theMLT dimension.While wave-particle interactions exhibit
an MLT dependence [Meredith et al., 2004, 2012; Sigsbee et al., 2010; Kersten et al., 2014], the timescale of the
azimuthal drift for the MeV energy electrons is short in comparison with the timescale for acceleration or
scattering. The electrons rapidly move through regions where wave-particle interactions occur and then, as
they are on closed drift paths, shortly return. The net result is that changes in the electron ﬂux atMeV energies
are mostly uniform in MLT. However, lower energy electrons, which drift more slowly and may potentially
be on open drift paths, are more likely to exhibit a higher ﬂux in regions where chorus waves are typically
observed [Horne et al., 2013] and a lower ﬂux in a loss region. To account for this, 3-D radiation belt models
can attempt to exclude electron energies which may demonstrate signiﬁcant MLT variations when selecting
the minimum energy of the calculation region. Currently, various global models use a range of values for the
lower bound of the energy. The Versatile Electron Radiation Belt-3D typically sets the minimum energy at
10 keV [Shprits et al., 2011; Subbotin and Shprits, 2009; Kim and Shprits, 2013], the Salammbô model at 10 keV
[Varotsou et al., 2005, 2008], the British Antarctic Survey Radiation Belt Model (BAS-RBM) at 153 keV [Glauert
et al., 2014a], Ma et al. [2015] at 180 keV, and Albert et al. [2009] at 200 keV. To the knowledge of the authors
there has not been any systematic study to determine the nonuniformity of the electron ﬂux with MLT at
these energies.
The purpose of this paper is to investigate the >30, >100, and >300 keV electron ﬂux observed by the Polar
Observational Environmental Satellites (POES) to quantify at what energies notable MLT variations occur,
and hence the minimum electron energy which may be included in 3-D radiation belt calculations. The MLT
distribution of the electron ﬂux is evaluated at several activity levels to account for changes in the convec-
tion electric ﬁeld with activity [Kivelson, 1976] and the occurrence of substorm injections. Such a survey is
possible as the POES constellation provides high time resolutionmultipoint electron ﬂuxmeasurements, cov-
ering several MLTs, across a broad range of L shells. Previous work has considered the energy-dependent
radial structure of the radiation belts using data from the Van Allen Probes satellites [Reeves et al., 2016].
Here we study a wider L shell range than possible with the Van Allen Probes and additionally consider the
energy-dependent MLT structure.
2. Instrumentation and Data Set
In this study14yearsofdata fromthePOES satelliteswereused, spanning from1January2000 to31December
2013. As shown in Figure 1, this date range covers just over one solar cycle, including the declining phase of
cycle 23 along with the rising phase of 24 so that the electron ﬂux for a wide range of geomagnetic activity is
included in our analysis.
2.1. NOAA POES Satellites
The POES constellation consists of low-altitude polar-orbiting satellites that each transit the Earth approxi-
mately 14 times a day, operating at an altitude of around 820 km. Due to the ∼98.5∘ inclination polar orbit,
an L* range spanning from L* < 1.3 to L* > 9 can be crossed during a pass, dependent on activity. As the
orbital period of POES is∼100min and the data sampling rate is 2 s, the high inclination orbit provides a cross
section through the radiation belts every quarter period, with a resolution of ∼25 min. Each POES satellite
is Sun-synchronous and operates over a limited range of MLTs. During the time period examined, there are
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Figure 1. Date range investigated in relation to the solar cycle.
up to six POES satellites operational at any time, providing multipoint MLT observations. Coupled with the L*
range covered during an orbit, the POES constellation provides very rapid and complete observations of the
radiation belt region.
On board the POES satellites NOAA15, NOAA16, NOAA17, NOAA18, NOAA19, and METOP02 is the Space
EnvironmentMonitor, which contains theMedium Energy Proton and ElectronDetector (MEPED). TheMEPED
instruments onboard each satellitewere all built at the same timeand cross calibratedbefore beingdeployed.
Furthermore, the instruments undergo a weekly in-ﬂight calibration procedure, as detailed in Evans andGreer
[2004]. No further cross calibration has been applied to the data. MEPEDmeasures electron ﬂux data in three
energy channels, >30, >100, and >300 keV [Evans and Greer, 2004]. The upper limit of each energy range is
2.5 MeV; however, as electron energy distribution functions show strong negative gradients with increasing
energy [Cayton et al., 1989; Sergeev et al., 1992], the ﬂuxmeasurements are dominated by electrons with ener-
gies just above the lower cutoﬀ. The MEPED instrument has two solid-state detector telescopes, T0 and T90,
mounted such that each measures electrons at diﬀerent pitch angles. T0 is aligned so that the ﬁeld-of-view
center axis is rotated 9∘ from the outward normal to the velocity vector. The other telescope, T90, is orientated
perpendicular to T0 so that the center of the ﬁeld of view is 9∘ from thedirection antiparallel to the spacecraft’s
velocity. Generally, T90 observes stably trapped electrons or those in the drift or bounce loss cone [Rodger
et al., 2010a], while T0 measures precipitating ﬂux, primarily in the bounce loss cone [Rodger et al., 2010b].
At low L*, this can reverse and T90 observes electrons in the bounce loss cone while T0 can observe trapped
ﬂux. A selection procedure has been applied to ensure that only measurements taken outside the drift and
bounce loss cone were included in the study. T0 only observes trapped ﬂux for somemagnetic longitudes in
the equatorial region, relating to L* ⪅ 1.5. T90, on the other hand, observes trapped ﬂux down to L* ⪅ 2 over
the South Atlantic Anomaly. For 1.5 < L* < 2, neither telescope measures trapped electron ﬂux.
The 2 s resolution electron ﬂux data were used in this study. During solar proton events, contamination of the
measured electron ﬂuxmay occur. To avoid this, periodswhen the level of>10MeV protons, measured by the
Energetic Particle Sensor of the Geostationary Operational Environmental Satellites (GOES) 10 and GOES 13,
exceeded 10 cm−2 s−1 sr−1 were omitted from the study. This is the NOAA Space Weather Prediction Center’s
deﬁnition of a solar proton event and has been adopted by previous authors [e.g., Lam et al., 2010; Meredith
et al., 2016]. Additionally, the measured electron ﬂux values were corrected for ring current protons using the
bow tie method described by Lam et al. [2010].
2.2. Estimates of the Cumulative Distribution Functions of Activity Measures
Activity data spanning the selected date range were used to produce the cumulative distribution functions
(CDFs) of AE, AE*, Kp, solar wind speed (Vsw), and VswBz (the solar wind speed multiplied by the z component
of the interplanetary magnetic ﬁeld). The AE* index, ﬁrst introduced byMeredith et al. [2004], is deﬁned as the
highest value of the AE index in the preceding 3 h. This helps account for the travel time of injected electrons
to transit away from the nightside of the planet. From the CDFs, shown in Figure 2, the activity values corre-
sponding to the 40th, 60th, 80th, 95th, and 98th percentiles were calculated. These values were then used
to bound six activity levels for each of the ﬁve activity measures and are listed in Table 1. By assigning levels
of activity based on probability, statistical consistency was ensured across diﬀerent parameters. The above
percentiles were selected as these adequately captured low to extreme activity, giving a notable change
between each level. For VswBz , the axis has been reversed so that periods of very negative VswBz were assigned
as high activity.
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Figure 2. The cumulative distribution functions for AE, AE*, Kp, Vsw, and VswBz activity measures from 1 January 2000
to 31 December 2013. Dotted lines correspond to the 40th, 60th, 80th, 95th, and 98th percentiles chosen to bound
the six activity levels. The percentage of activity data contained within each level is marked on the left-hand side
of the panel.
The CDFs for AE, AE*, and Kp all display a similar shape, skewed toward lower values. In contrast, the shape of
the Vsw curve indicates that it is distributed about a central speed, with exceedingly low values being a rare
occurrence. Interestingly, while speeds above 550 km s−1 are sometimes regarded at a fast solar wind speed
[DentonandBorovsky, 2012],Kp ∼3orAE ∼ 300nT is generally consideredonlymoderate, but all have a similar
likelihood of occurrence. The CDF for VswBz is almost centered on zero, implying that periods of positive and
negative VswBz have near equal rates of occurrence.
Table 1. Activity Level Boundaries for AE, AE*, Kp, Vsw, and VswBz
AE (nT) AE* (nT) Kp Vsw (km s
−1) VswBz (nT km s
−1)
A1 AE < 61 AE* < 163 Kp < 1.33 Vsw < 389.5 VswBz > 282
A2 61 ≤ AE < 125 163 ≤ AE* < 314 1.33 ≤ Kp < 2 389.5 ≤ Vsw < 440 282 ≥ VswBz > − 263
A3 125 ≤ AE < 279 314 ≤ AE* < 573 2 ≤ Kp < 3 440 ≤ Vsw < 522.4 −263 ≥ VswBz > − 1018
A4 279 ≤ AE < 606 573 ≤ AE* < 1036 3 ≤ Kp < 4.33 522.4 ≤ Vsw < 643.1 −1018 ≥ VswBz > − 2535
A5 606 ≤ AE < 811 1036 ≤ AE* < 1323 4.33 ≤ Kp < 5.33 643.1 ≤ Vsw < 698 −2535 ≥ VswBz > − 3679
A6 AE ≥ 811 AE* ≥ 1323 Kp ≥ 5.33 Vsw ≥ 698 VswBz ≤ − 3679
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3. Magnetic Local Time Variation of Electron Flux
To form a statistical average of the global distribution of the electron population, measurements of the elec-
tron ﬂux from each of the POES satellites were collated and binned by both MLT and L*. Physically, the L*
parameter is another form of the third adiabatic invariant,Φ, [Roederer, 1970] and is given by
L∗ =
−2𝜋k0
ΦRE
(1)
where RE is the radius of the Earth and k0 is the Earth’s dipole moment. L* was calculated with the UNILIB
software library using the International Geomagnetic Reference Field and the Tsyganenko 96 (T96) model
[Tsyganenko, 1995]. T96 was chosen as this model has an explicitly deﬁned realistic magnetopause and does
not uniquely apply to storm times. There was enough data on the solar wind and geomagnetic indices to
apply the model to the whole data set. Each MLT bin covered 1 h, centered on the hour, and L* spanned from
1 to 8, divided into 28 groups of width L* = 0.25. To investigate the evolution of the electron ﬂux distribution
with changing activity, the ﬂux data were further sorted into the six activity levels, deﬁned by either AE, AE*,
Kp,Vsw, orVswBz listed in Table 1. These levels havebeendeterminedby thepercentiles stated in section 2.2. By
using AE, AE*, Kp, Vsw, and VswBz to individually bin the ﬂux readings, a more complete picture of the changes
to the global distribution with increasing activity can be obtained.
Figure 3 shows the mean of each L*-MLT bin, spatially arranged to give the average electron ﬂux distribution
for each of the six activity levels deﬁned by AE. Each row corresponds to >30, >100, or >300 keV electrons,
and the mini dial beneath each map displays the number of values sampled at each MLT and L* location. In
some regions, no electron ﬂux data outside of the drift and bounce loss cones can be obtained from either
telescope of the MEPED instrument. One such region forms a clear ring of missing data between L* = 1.5–2,
separating the region where T0 measures trapped ﬂux from the region where T90 measures trapped ﬂux.
Excluding isolated regions, there are generally∼10,000 values at each L*-MLT location, giving a good statisti-
cal signiﬁcance to the average. At the lower activities considered, this can be much higher, potentially up to
∼100,000 readings. Averages calculated from 10 or fewer ﬂux measurements were not shown in Figure 3.
Figures 3a–3f shows that, with increasing activity, the ﬂux level rises signiﬁcantly, particularly for the>30 keV
electron ﬂux. At this energy the ﬂux increase is mostly localized to the dawnside of the Earth, resulting in a
notable MLT asymmetry in the electron ﬂux distribution. This is consistent with electrons transported in from
the plasma sheet drifting out of the magnetosphere on the dayside. For >100 keV electrons (Figures 3g–3l),
as activity rises, the ﬂux increase is again largest in the dawn sector. Even the >300 keV ﬂux distributions
(Figures 3m–3r) show a dawnside increase in electron ﬂux that is moderately higher than on the duskside.
At the lowest activity level (Figures 3a, 3g, and 3m), no notable MLT variation in the ﬂux is seen for any of the
electron energies studied, implying that 40%of the time (from Figure 2) no signiﬁcantMLT variation is present
throughout the radiation belt region at these energies. Although not shown here, similar plots of the electron
ﬂux distribution, ordered by AE*, Kp, Vsw, and VswBz , showed a comparable ﬂux increase with rising activity
level that was highest on the dawnside.
Two ring-like structures, separated by a region of lower ﬂux, can be observed in the >30 keV and >100 keV
global electron ﬂux distributions shown in Figure 3. There is some suggestion of this structure at >300 keV,
but this is less apparent as themajority of the inner zone ﬂux at this energy seems to lie in the L* range where
neither T0 nor T90 observe electrons outside of the loss cone.With increasingAE, for>30,>100, and>300 keV
electron ﬂux, the inner edge of the outer ring moves earthward and the two belts become less deﬁned. A
model by Liu et al. [2003] has shown that electrons below 150 keV can be injected into L* = 3 during times of
high activity. Thorne et al. [2007] then showed that chorus waves could act to accelerate these “slot region”
electrons to higher energies, resulting in slot region ﬁlling for electrons up to around 800 keV. Other processes
such as radial diﬀusionmay also be important for slot ﬁlling. A further study by Reeves et al. [2016] examining
Van Allen Probes data concluded that slot region ﬁlling is common at energies below a few 100 keV. The
reduction in the two-belt structure in the average ﬂux distributions with increasing activity shown in Figure 3
supports this conclusion.
Statistical global electron ﬂuxdistributions, similar to those in Figure 3, have been shownpreviously by Thorne
et al. [2007] for 153 keV and 340 keV electrons measured by the Combined Release and Radiation Eﬀects
Satellite at three levels of AE*. A notable diﬀerence to those presented here is the ﬂux level of the inner belt.
Thorne et al. [2007] showed that, at lower activities, the inner region contained the highest electron ﬂux.
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Figure 3. (a–r) Average ﬂux distributions for >30 keV, >100 keV, and >300 keV electrons observed by the POES satellites over the stated date range, ordered by
six AE levels. The plots are orientated in the equatorial plane with noon at the top and dawn to the right. The plots extend out to L* = 8, and markers denote the
L* = 2, 4, and 6 positions.
This has been aﬃrmed by Reeves et al. [2016] when considering the energy-dependent radial distribution of
the radiation belts. However, in Figure 3 the ﬂux of the inner region is comparable to that of the outer belt.
The POES satellites generally observe ﬂux with low equatorial pitch angles, approximately 11∘ at L*∼ 3. Pitch
angle distributions (PADs) in the inner belt exhibit large pitch angle anisotropies with a peak near 90∘, while
at larger L* values, distributions are signiﬁcantly ﬂatter [Shi et al., 2016]. The electron ﬂux measurements pre-
sented by Thorne et al. [2007] and Reeves et al. [2016] are representative of large pitch angle electrons near 90∘.
Considering the anisotropic PADs in the inner belt, wewould expect the electron ﬂuxmeasuredby POES satel-
lites to be somewhat smaller than the ﬂux at large equatorial pitch angles presented by Thorne et al. [2007]
and Reeves et al. [2016]. Further out, as the PADs tend to be considerably ﬂatter, the diﬀerence between ﬂux
at high and low pitch angles might not be so large.
To quantify the extent of the variation of the electron ﬂux in MLT at a particular L* distance, ﬂux measure-
ments taken between 04 and 09 MLT (the dawn sector) were collated and a mean calculated. An average ﬂux
for the MLT range 16 to 21 (the dusk sector) was determined in the same manner. The ratio was then taken
between these dawnanddusk averages, henceforth referred to as thedawn-dusk ﬂux ratio. Three L* binswere
studied in this way, L* = 4.125, 5.125, and 6.125, covering the outer radiation belt region. At each L* value the
dawn-dusk ﬂux ratio was plotted against the activity level. This was repeated for each of the ﬁve activity met-
rics included in this study and is shown in Figure 4. It should be noted that L* is dependent on the magnetic
conﬁguration, and it is possible that for very active periods L*> 5maynot always exist. Herewe simply present
the dawn-dusk ﬂux ratios according to POES satellite readings and L* calculated using T96 as the external ﬁeld
model. Regardless of the activity metric used to deﬁne the activity levels, the ratios presented in Figure 4 are
calculated frommore than a thousand ﬂux measurements.
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Figure 4. Ratio of the average electron ﬂux in the dawn sector to average ﬂux in the dusk sector at each activity level
deﬁned by AE, AE*, Kp, VswBz , and Vsw for three L* values. Ratios for the >30 keV ﬂux are in black, the >100 keV ﬂux
in red, and the >300 keV ﬂux in blue.
It is apparent from Figure 4 that the dawn-dusk ﬂux ratio can bemuch greater than 1 and can exceed a factor
of 20. The largest dawn-dusk ratios are for the >30 ﬂux (black circles), but the >100 keV and >300 keV ﬂux
ratios (red and blue circles) also suggest a dawn-dusk ﬂux asymmetry with values which can be larger than 5.
The dawn-dusk ﬂux variation tends to increase with activity level for all ﬁve activity metrics. Additionally,
for a given activity level, the ratios increase with L*. Periods of high activity are generally associated with
an enhanced convection electric ﬁeld [Kivelson, 1976] and hence enhanced sunward electron motion.
Additionally, at a ﬁxed MLT and time, electrons drifting at a larger L* will cross the equator farther from the
Earth than those drifting at a smaller L*. At a particular MLT, the equatorial magnetic ﬁeld strength tends to be
weaker the farther you are from the Earth. Aweakermagnetic ﬁeld results in a reduction inmagnetic drifts and
an increase in the convective drift velocity. Consequently, at the same MLT, electrons at larger L* are poten-
tially more likely to be on open drift paths due to the convection electric ﬁeld than those at smaller L*. What
is perhaps surprising is that the dawn-dusk ﬂux ratio for>300 keV electrons also rises with increasing activity
and L*. This is amuchhigher energy than that used as a low-energy boundary inmost drift-averaged radiation
belt models [e.g., Glauert et al., 2014a; Shprits et al., 2013; Varotsou et al., 2008].
Dawn-dusk ﬂux asymmetries were largest for A5 and A6 at L* = 6.125 when activity levels were deﬁned by
AE. This is likely due to the AE index being related to substorm injections and not subjected to the same time
blurring as AE* (which is the highest level of AE over the previous 3 h). For a given level of activity, e.g., A5,
the dawn-dusk ﬂux ratios for AE*, Kp, and VswBz are similar; however, the corresponding level for Vsw is consis-
tently lower. At no Vsw deﬁned activity level does any dawn-dusk ratio exceed 10. AE and AE* are both direct
measures of currents associated with substorms, and Kp is a direct measure of the magnetic ﬁeld variation
caused by a geomagnetic disturbance. The solar wind velocity is not a direct measure of geomagnetic activ-
ity, it is one factor along with the Bz component of the interplanetary magnetic ﬁeld that drives substorms
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and electron injections. During periods of fast solar wind and ﬂuctuating interplanetary magnetic ﬁeld, more
energy is loaded into the systemwhich then results in periods of overall enhanced convection and substorms.
As a result, the combination of Vsw and Bz gives dawn-dusk ﬂux ratios that are more consistent with AE, AE*,
andKp.KellermanandShprits [2012] showed that tensof keV toMeVelectronﬂuxesmeasuredat geostationary
orbit correlated well with Vsw once a suitable time delay had been applied. It is stressed that the observations
presented here do not disagree with this. The ﬂux in each of the three energy channels does increase with
increasing Vsw, but this ﬂux increase is more uniform in MLT.
Figure 4 shows a range of dawn-dusk ratios, extending from below 1 tomore than 20. The question is then at
what level does an MLT variation become problematic for models which use a drift-average approximation?
As the low-energy ﬂux is larger at dawn than the drift average, models applying an acceleration process to
the average ﬂux are likely to result in ﬂux levels for higher-energy electrons that are lower than observed.
We suggest that to obtain a result to a factor of 3 agreement with data, a dawn-dusk ratio exceeding 3 is
signiﬁcant. Regardless of the activity measure used to deﬁne the levels, below activity level A3, a dawn-dusk
ratio exceeding 3 is not observed. This indicates that a minimum electron energy (Emin) of 30 keV would be
valid in 3-D radiation belt models that do not extend beyond L* = 6.125 provided that during the time frame
considered AE, AE*, Kp, and Vsw do not exceed 125 nT, 314 nT, 2, and 440 km s
−1, respectively, and VswBz is
above−263 nT km s−1. From Figure 2, this condition could be fulﬁlled 60% of the time. Radiation belt models
are, however, mainly used to study periods of high activity to understand the physical processes involved
[Glauert et al., 2014b; Li et al., 2014; Albert et al., 2009; Shprits et al., 2013]. Figure 4 shows that during the higher
levels of activity deﬁned by AE (A4, A5, and A6) the>30 keV dawn-dusk ratios can exceed 20 or, when activity
is deﬁned by AE*, Kp, or Vsw, ratios can exceed an order of magnitude. In this case, a higher value of Emin could
be required. While the dawn-dusk ratios for the>100 and>300 keV ﬂux are lower than those for the>30 keV
ﬂux, ratios exceeding 3 are still observed at A5 and A6. The implication is that an Emin of 100 or 300 keV may
only be suitable 95% or 98% of the time, respectively.
Figure 5a shows that themean dawnside>30 keV ﬂux increases with AE throughout the radiation belt region.
The mean duskside >30 keV ﬂux (Figure 5b) also increases comparably below L* ∼ 4 but, for L* ≳ 5, the rise
in the average duskside ﬂux from activity levels A1 to A3 is less than on the dawnside. Beyond A3 the aver-
age duskside ﬂux actually drops with increasing activity. For >100 keV electrons, the average dawnside ﬂux
(Figure 5c) again increases throughout the radiation belt region as the activity rises. However, the average
duskside ﬂux (Figure 5d) only increases with activity for L* ≲ 5. At larger L*, the average duskside ﬂux again
falls with rising activity and the peak in the ﬂux-L* proﬁle shifts from L* ∼ 5 to L* ∼ 4. This is a particularly
interesting feature and is discussed further in the following section.
Perhaps, themost intriguing dawn-dusk average ﬂux variation is that observed for the>300 keV electrons. At
this energy the average dawnside ﬂux (Figure 5e) rises with increasing activity for L* ≲ 5.5, and then remains
approximately constantwith increasingAE until L*∼ 6.2, afterwhich the ﬂuxbegins to fall as activity increases.
Conversely, the average duskside ﬂux at>300 keV (Figure 5f ) shows similar behavior to the duskside>30 keV
and>100 keV ﬂux (Figures 5b and 5d). For dusk sector MLTs, the average ﬂux rises with activity out to L*∼ 4.5
and then, at larger L*, the averageﬂux falls as activity increases. In thedusk sector, thepeak in theﬂux-L*proﬁle
moves from L* ∼ 5 to L* ∼ 4 with rising activity. As a result, the dawn-dusk ratios greater than 3 observed at
L* = 6.125 for the>300 keV electron ﬂux in Figure 4 arise due to a duskside depletion rather than a dawnside
enhancement.
As L* is dependent on the magnetic ﬁeld conﬁguration it is possible that during some active periods not
all L* values in the L* = 3–8 range may exist. Here we have presented the average dawnside and duskside
ﬂux-L* proﬁles calculated using 14 years of POES electron ﬂux measurements. Dawn or dusk ﬂux averages
that were calculated from fewer than 100 measurements were not plotted in Figure 5. While Figure 5 only
shows the average dawnside and duskside ﬂux-L* proﬁles for the six activity levels deﬁned by AE, the aver-
age dawnside and duskside ﬂux distributions with changing AE*, Kp, and VswBz showed similar trends. When
activity was deﬁned by Vsw, increasing Vsw did not result in a decrease in the average duskside ﬂux for
L* ≳ 5 for >30, >100, or >300 keV electrons. The average dawnside and duskside ﬂux both rose with Vsw for
almost all L*. As discussed previously, this is perhaps due to solar wind speed not being a direct measure
of geomagnetic activity.
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Figure 5. Average dawn sector and dusk sector electron ﬂux-L* proﬁles for >30, >100, >300 keV electrons. The proﬁles
for each of the six activity levels deﬁned by AE index are shown here, each in a diﬀerent color.
4. Discussion
The trajectories of equatorially mirroring electrons, which have starting energies of 30, 100, and 300 keV
on the dawnside of the Earth (at X = 0), are shown in Figure 6. Here we use a dipole magnetic ﬁeld together
with the Volland-Stern electric ﬁeld [Maynard and Chen, 1975] assuming a constant Kp = 5.33 (Figure 6a),
relating to the lower bound of the highest Kp activity level, and a constant Kp = 7.00 (Figure 6b). The drift
paths are calculated for several starting radial distances between 4 and 7.5 RE for each electron energy. POES
satellites observe electrons with much lower pitch angle than 90∘ but, for the sake of simplicity, only the tra-
jectories of equatorially mirroring electrons have been shown here. The observed dawn-dusk asymmetry for
>30 keV electronsmeasured by the POES satellites occurs due to an increase in the dawnside ﬂux throughout
the outer radiation belt region that is not reﬂected on the duskside. On the duskside the average electron ﬂux
for L*≳ 5 actually fallswith rising activity. This is consistentwith opendrift paths causing electrons to leave the
magnetosphere before reaching the dusk sector, resulting in a postsubstorm enhancement that is strongest
in the dawn sector. Chorus waves are observedmainly on the dawnside of the Earth [Meredith et al., 2012] and
would act to precipitate electrons of a few tens of keV. However, since the >30 keV electron ﬂux is higher at
dawn than dusk, this suggests substorm injections are eﬃcient at supplying electrons at low equatorial pitch
angles, operating at a faster rate than electrons can be lost by chorus precipitation. Electrons >100 keV will
also likely be injected into the region following substorms [Caytonet al., 1989], causing an increase in the aver-
age dawnside ﬂux. At this energy, the electrons could also be on open drift paths, which may help to cause
the observed dawn-dusk ﬂux asymmetry shown in section 3.
In Figures 6a and 6b, for both Kp = 5.33 and Kp = 7.00, respectively, the electrons that pass the dawnside
with an energy of 300 keV at a distance between 4 and 7.5 RE are not on open drift paths unlike some, or
all, of the corresponding drifts for 30 and 100 keV electrons. However, the 300 keV electron trajectories have
been perturbed by the convection electric ﬁeld and, depending on the location of the magnetopause, this
could still result in electrons encountering the magnetopause before completing a full drift. Inward motion
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Figure 6. Drift paths of equatorially mirroring electrons in a dipole magnetic ﬁeld for a Volland-Stern electric
ﬁeld assuming a constant Kp of (a) 5.33 and (b) 7.00. The drift paths shown start on the dawnside of the Earth at radial
distances between 4 and 7.5 RE and relate to electrons with starting energies of 30, 100, and 300 keV. The dashed
lines mark radial distances of 8, 9, and 10 RE for reference.
of the magnetopause to lower L shells in response to the increased solar wind pressure, or magnetic erosion
of ﬂux on the dayside through reconnection [Herrera et al., 2016; West et al., 1972], could ultimately prevent
electrons at the larger L shells from traveling round the Earth to the dawnside of the planet. Shprits et al.
[2006] showed thatmagnetopause shadowingmay thendrive further outward radial diﬀusiondown to L*∼ 4.
Additionally, in a nondipolemagnetic ﬁeld, other factors such as the∇Bdrift arising fromaday-night gradient
in themagnetic ﬁeld [Keika et al., 2005], caused by solar wind compression of themagnetosphere,may further
alter drift paths, increasing the likelihood that electrons with an energy of 100 or 300 keV on the dawnside of
the Earth will encounter the magnetopause before completing a full drift.
Aside frommagnetopause shadowing, other processes, such as electron scattering due towave-particle inter-
actions, could cause a reduction in the duskside ﬂux. On the duskside, loss processes such as interactionswith
hiss or electromagnetic ion cyclotron (EMIC) waves can scatter electrons into the loss cone, removing them
from the region [Meredith et al., 2004; Kersten et al., 2014]. Meredith et al. [2004] showed that while equato-
rial hiss is not typically signiﬁcant beyond a Mcllwain L value of L = 5, midlatitude hiss is observed beyond
L = 6 in theMLT range 12–15. EMICwaves have been shown to be strongwhere the ring current overlaps the
plasmasphere [Kersten et al., 2014] and act on electrons with pitch angles below ∼45∘ [Usanova et al., 2014].
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Due to the low-altitude polar orbit of the POES satellites, the pitch angles of the electron ﬂux at L* = 5–6
are comfortably below 45∘. However, EMIC waves generally act on electrons of energies in excess of 500 keV
[Albert, 2003;Meredith et al., 2003; Summers and Thorne, 2003] so would likely only account for a small portion
of the duskside loss. Furthermore, the reduction in the duskside ﬂux is most pronounced during the high-
est level of activity, for which ∼99.995% of AE measurements greater than 811 nT are accompanied by the
magnetopausemoving below L = 8 in the preceding hour. Themagnetopause location was calculated using
the widely used Shue Model [Shue et al., 1998] with the 1 RE correction applied [Case and Wild, 2013]. It was
therefore assumed that the largest contribution to the reduction in the average duskside electron ﬂux during
periods of high activity was magnetopause shadowing eﬀects.
In Figure 5f a decrease in the average >300 keV duskside ﬂux was observed with increasing activity beyond
L*∼ 5. Without a rapid supply of>300 keV electrons, a perturbedmagnetopause is likely to cause a decrease
in ﬂux that rapidly aﬀects all MLT, particularly at >300 keV. However, the average dawnside >300 keV ﬂux
(Figure 5e) does not show the same reduction and instead the average ﬂux increases with activity until L*∼ 5,
and soalonemagnetopause shadowing cannot explain theobservedasymmetries in the>300 keVﬂux. A very
similar result to Figure 5wasobtainedwhenAE*wasused todeﬁne the activity levels (not shown). AsAE* is the
highest value ofAE in the preceeding 3 h, introduced byMeredith et al. [2004] to help account for electron drift
time, this suggests variations between the dawnside and duskside ﬂux-L* proﬁles are not due to the transit
time of electrons. Chorus wave acceleration may help to sustain the dawnside ﬂux by acting on electrons of
lower energy, accelerating them to 300 keV andbeyond. However, the timescale for this acceleration is several
hours or more, longer than the drift time of ∼300 keV electrons [Horne et al., 2005].
Sergeev et al. [1992] suggest that an observed “drifting energetic electron hole” (a short, small decrease in the
energetic electron ﬂux) and the subsequent simultaneous enhancement of electron ﬂuxes extending from
200 keV to ∼1 MeV during the 7 May 1986 may be a result of the dipolarization of ﬁeld lines on the night-
side. This is the reconﬁguration of the magnetic ﬁeld from stretched tail-like structure to a quasi-dipole-like
formation [Sauvaud and Winckler, 1980; Sugiura et al., 1968]. Electrons can then undergo nonadiabatic local
acceleration as a result of the induced electric ﬁeld associated with the magnetic ﬂuctuations. Additionally,
the changing magnetic ﬁeld can cause alterations to the electron drift shells. It is possible that the average
dawnside >300 keV ﬂux rising or remaining mostly constant with activity as seen in Figure 5 is a result of this
process. Sergeev et al. [2014] again showed observations of dispersionless injections at geostationary orbit
across a range of energies extending froma few tens of keV tomore than 350 keV shortly after a dipolarization
onset, which includes the energy range of interest. Further work considering dipolarization fronts and asso-
ciated changes in the O+ population has shown that nonadiabatic acceleration, likely due to dipolarization
events, can occur in the inner magnetosphere at Mcllwain L < 6.6 [Nosé et al., 2016]. Similar enhancements
have also been observed in the electron population at L ∼ 5.5 up to MeV energies, again these have been
linked to intense dipolarization electric ﬁelds [Dai et al., 2015]. The variation between the average dawnside
and duskside >300 keV ﬂux seen at L* ≤ 6 may thus be in part due to this mechanism.
If an electron is unable to complete a drift around the Earth solely due to the geomagnetic ﬁeld conﬁgura-
tion, then themagnetic ﬂux enclosed in the drift is inﬁnite, hencewe have an undeﬁned L* value. Considering
this, in the Northern Hemisphere, for the ascending phase of the satellite orbit, the POES electron ﬂux mea-
surements for the 5∘ of magnetic latitude (Latmag) following the ﬁrst undeﬁned L* value were binned by the
magnetic latitude change (ΔLatmag) and MLT. For the descending phase of the orbit, in this hemisphere, the
electron ﬂux measurements for the 5∘ of Latmag prior to the last undeﬁned L* value were binned by ΔLatmag.
The situation described above was reversed when the satellite was in the Southern Hemisphere. Calculating
the mean of ﬂux measurements in each MLT-ΔLatmag bin gave the average electron ﬂux distribution outside
the last L* value in terms of the magnetic latitude change. Figure 7 shows the result of this analysis for the six
activity levels deﬁned by AE*. Using this activity metric should help mitigate the eﬀect of the electron drift
time from the average. The average ﬂux for >30, >100, and >300 keV electrons on drift paths that will likely
encounter themagnetopause rose with activity for dawnsideMLTs (to the left of the dashedwhite line). Aver-
age electron ﬂux increases with AE* are not evident formany of the dusk sectorMLT bins, and it would appear
that the increase in electron ﬂux occurs mostly for the midnight to dawn MLT range. It is likely that electrons
encountering themagnetopause prevents the enhanced dawnside population from propagating to the dusk
ﬂank. That this trend is observed for >300 keV electrons as well as for >30 and >100 keV electrons is consis-
tent with rapid enhancements of the >300 keV electron population supplying electrons to the dawnside of
the Earth faster than they can be lost to the magnetosphere. The dawn sector ﬂux enhancement at>300 keV
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Figure 7. The >30, >100, and >300 keV electron ﬂux measured by the POES satellites binned by AE*, MLT, and the
magnetic latitude change from the magnetic latitude of the last deﬁned L* value.
could therefore be an indication of electrons being injected with energies beyond 300 keV, potentially as
a result of intense induced electric ﬁelds associated with some dipolarization events. For drift paths which
encounter the magnetopause, this eﬀect may result in dawn-dusk ﬂux asymmetries, as observed in Figure 7.
Electrons with energies of hundreds of keV and above being injected into the radiation belt region as a result
of intense dipolarization electric ﬁelds would provide a population of higher-energy electrons which could
then be further accelerated by other processes such as wave-particle interactions and radial transport. In the
absence of magnetopause shadowing and at lower L* values, these electrons would likely be on closed drift
paths and could then contribute to the relativistic electron population. Chorus waves acting on this popula-
tion may help explain the rapid occurrence of MeV electrons sometimes observed during storm time [Reeves
et al., 1998; Horne et al., 2005].
Aside from the mechanisms discussed, other factors could also result in dawn-dusk ﬂux asymmetries. An
enhanced convection electric ﬁeld couldperturb thedrift orbits, not necessarily to opendrift paths [Kavanagh
et al., 1968], but may result in electrons transiting the dusk sector at a larger L* than in the dawn sector. By
conservation of the ﬁrst and second adiabatic invariants, outward motion to a larger L* would cause a reduc-
tion in the electron energy, potentially to below the lower threshold of the energy channel. As discussed
in section 2.1, the electron ﬂux tends to fall with increasing energy [Cayton et al., 1989; Sergeev et al., 1992].
Therefore, electrons just above the lower threshold of the energy channel would be expected to constitute
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a signiﬁcant portion of the measured ﬂux. If these electrons were to move outward and decrease in energy,
a reduction in ﬂux may be observed in the dusk sector compared to the ﬂux at dawn.
The results presented in section 3 are based on measurements taken at low Earth orbit and, as a result, are
representative of low equatorial pitch angles. It is noted that chorus waves propagating primarily in the dawn
sector are likely to diﬀuse electrons to lower pitch angles, while on the duskside, choruswaves are less intense
[Horne et al., 2013]. However, the change in equatorial pitch angle distributions caused bywave-particle inter-
actions typically occurs over many drift orbits [Lyons et al., 1972], and as a result the pitch angle distributions
on the dawnside are unlikely to be extensively diﬀerent to those on the dusk. Recent ﬁndings by Shi et al.
[2016] using Van Allen Probes data support this. They examined the anisotropy of electron pitch angle distri-
butions for three levels of activity and found dawn-dusk variations in the anisotropic pitch angle distributions
for 100, 200, and 350 keV electrons were not evident for any of the three activity levels.
The observation of a signiﬁcant dawn-dusk ﬂux ratio that increases with geomagnetic activity has impor-
tant implications for modeling studies. Drift-average models set a lower energy boundary between 10 keV
and ∼200 keV. Our results support that the boundary should be set at higher energy with increasing activ-
ity; otherwise, the models may underestimate or overestimate the acceleration and loss processes. However,
the disadvantage of setting the boundary at a higher energy is that, since most models use a coordinate
system based on the ﬁrst invariant, it restricts simulations of the radiation belts at lower L* to increasingly
higher energies. Recent work has highlighted the importance of seed population acceleration in the genera-
tion of relativistic and ultrarelativistic electrons [Thorne et al., 2013] indicating that processes acting on lower
energyelectrons are crucial tounderstanding the radiationbelt regionas awhole. In order to includeelectrons
of lower energy in radiation belt calculations, a convection-diﬀusion model is needed. An example of two
convection-diﬀusion models are the Versatile Electron Radiation Belt-4D model [Shprits et al., 2015] and the
Asymmetric Physical Radiation Belts model [Bourdarie et al., 1997]. The clear MLT dependence of the>30 keV
and >100 keV electrons during active conditions highlights the importance of the development of these
MLT-dependent models in order to better understand the region. Statistical studies such as that presented
here could help provide boundary conditions for such models.
After an active period, the ﬂux over an L shell will likely return to being mostly homogeneous in MLT. This
is indicated by the electron ﬂux for activity levels below A3 which did not show a notable MLT asymmetry.
Dawn-dusk ﬂux asymmetries set up during the period of high activity will likely degrade over several drift
periods. Typically, 3-D radiation belt models use an activity time series to model changes to the electron
population. We have shown that during periods of high activity, dawn-dusk ﬂux asymmetries may occur in
the electron ﬂux distribution at the lower energies. Such ﬂux asymmetries along an electron drift shell may
cause inconsistencies between 3-Dmodel results and data. We suggest here that one way to address such an
issue and to improve 3-D radiation belt model results is by careful selection of the energy of the low-energy
boundary.
5. Summary and Conclusions
A statistical study of the global distribution of the >30, >100, and >300 keV electron population has been
presented using data spanning 14 years from the multisatellite low Earth orbit POES constellation. AE, AE*,
Kp, Vsw, and VswBz have each been used to deﬁne six activity levels to study the change in the global electron
ﬂux distribution with increasing activity. Our principle results are the following:
1. With increasing activity the average>30 keV electron ﬂux increased. This rise in ﬂux was primarily localized
to the dawn sector, resulting in anMLT asymmetry in the electron ﬂux distribution which can bemore than
a factor of 20. Asymmetrical >30 keV ﬂux distributions may be due to electrons at this energy being on
open drift paths following a substorm injection.
2. As the average >30 keV ﬂux was seen to be higher in the dawn sector than the dusk during periods of
high activity and remains so throughout the dawn sector, this suggests that electron injections are more
eﬃcient at supplying ∼30 keV electrons than chorus precipitation is at removing them at the low pitch
angles observed.
3. The average>100 keV ﬂux for L*≲ 5 rose with activity on both the dawnside and duskside of the Earth. For
L*> 5, the average dawnside ﬂux continued to rise with activity while the average duskside ﬂux decreased,
resulting in ﬂux asymmetrieswhich can be of the order of a factor of 20whenAEwas used to deﬁne activity.
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4. As activity increases, the >300 keV average dawnside ﬂux rose for L* ≲ 6. On the duskside, the peak of the
average ﬂux-L* distribution shifts inward with rising activity and the ﬂux increases for L ≲ 5. Exterior to
this L* range, the ﬂux decreases as activity rises. We suggest that the asymmetry observed in the>300 keV
electron ﬂux distribution is due to the combination of magnetopause shadowing, causing a duskside loss,
and injections of >300 keV electrons, from some dipolarization fronts, sustaining the dawnside ﬂux level.
5. Below activity level A3 (corresponding to AE < 125 nT, AE* < 314 nT, Kp < 2, Vsw < 440 km s
−1), and
VswBz > −263 nT km s−1), no dawn-dusk asymmetry in the ﬂux distribution greater than a factor of 3 was
observed. We therefore suggest that drift-averaged radiation belt models could set a minimum energy of
30 keV at L* ∼ 6 when modeling periods of low to moderate activity. For more active periods, a larger
value of Emin is required; otherwise, the models may overestimate or underestimate the acceleration and
loss processes. At activity level A3 and beyond, Emin should be larger than 100 keV and should be set to
approximately 300 keV for very extreme activities.
In addition to being a useful indicator for the location of the minimum energy in 3-D radiation belt mod-
els, this study, together with the previous studies that considered lower energy electrons [e.g., Li et al., 2014;
Bortnik et al., 2007], has also highlighted that, during times of high activity, measured electron ﬂuxes at ener-
gies below∼300 keV should only be considered representative of theMLT at which the values were recorded.
Flux levels measured by low-energy instruments, such as the Helium, Oxygen, Proton, and Electron (HOPE)
mass spectrometer and Magnetic Electon Ion Spectrometer (MagEIS) on the Van Allen Probes, could vary
depending on whether the spacecraft was on the duskside or dawnside of the Earth by more than an order
of magnitude during geomagnetically active periods. This potential variation should be taken into account
when analyzing low-energy electron ﬂux data and highlights the importance of multiple satellites when
investigating radiation belt electrons at energies below 300 keV.
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